One-pot oxidative transformation of alcohols into esters is very attractive, but metal-based catalysts are used in the reported routes. We discovered that the basic ionic liquid 1-ethyl-3-methylimidazolium acetate ([EMIM] OAc) could effectively catalyze this kind of reaction using O 2 as an oxidant without any other catalysts or additives. The oxidative self-esterification of benzylic alcohols or aliphatic alcohols and cross-esterification between benzyl alcohols and aliphatic alcohols could all be achieved with high yields. Detailed study revealed that the cation with acidic proton and basic acetate anion could simultaneously form multiple hydrogen bonds with the hydroxyl groups of the alcohols, which catalyzed the reaction very effectively. As far as we know, this is the first work to carry out this kind of reaction under metal-free conditions.
INTRODUCTION
Esterification represents one of the most essential reactions in both organic synthesis and the chemical industry. Esters are used as important building blocks for the synthesis of bulk and commodity chemicals having wide applications in pharmaceuticals, polymers, solvents, fragrances, etc. (1) (2) (3) . In practice, esters are generally synthesized via multistep processes involving the reaction between alcohols and acids or activated acid derivatives (for example, acid chlorides or anhydrides) (1) . Although well-established, these processes are becoming increasingly impractical due to the need for handling of corrosive acids and/or their derivatives and generation of large amounts of undesired byproducts. Hence, production of esters in a simple, effective, and economic manner is highly desirable from both scientific and industrial viewpoints.
The direct transformation of alcohols into esters is receiving increasing attention and can avoid the use of hazardous acids and their derivatives and eliminate the generation of undesirable products (for example, aldehydes and acids), leading to significantly improved overall reaction efficiency (4) (5) (6) (7) (8) (9) (10) (11) . Direct transformation of alcohols into esters can be achieved over catalysts based on metals such as Ru (4, 5, 12) , Pd (6, 13) , Au (14) , Ir (15) , or using toxic oxidants such as iodide, bromide, etc. (16) . Most of these catalysts are homogeneous and involve noble metals. In recent years, it was reported that direct oxidative esterification of alcohols could also be achieved using cobalt-based (Co and/or Co 3 O 4 ) heterogeneous catalysts (7, 8, 11, 17, 18) . Given the fact that the catalysts reported so far are generally associated with precious metals and/or tedious procedures for synthesis of effective catalysts, there is a strong need to explore simple, effective, and metal-free alternatives for this class of important reactions. To this end, the development of metal-free catalytic systems using molecular oxygen as a cost-effective oxidant is very attractive but is challenging (19) .
Ionic liquids (ILs) are an important class of environmentally benign solvents that have attracted significant attention due to their unique and attractive properties (20) (21) (22) (23) (24) (25) (26) , in particular, their negligible vapor pressure, nonflammability, high solubility of gases and substrates, tunable properties by changing anions and/or cations, and ease of recycling. These characteristics make them excellent substitutes for volatile organic compounds in chemical reactions. Among many types of ILs, imidazolium-based basic ILs such as imidazolium-based acetates have shown some specific properties in biomass dissolution, catalytic chemistry, and CO 2 /SO 2 absorption (25, (27) (28) (29) (30) (31) .
RESULTS
Oxidative self-esterification and cross-esterification of benzylic alcohols or aliphatic alcohols Here, for the first time, we report the application of ILs as both the catalyst and solvent for one-pot conversion of alcohols into their corresponding esters using O 2 as an oxidant under metal-free conditions. Structures of the ILs we used are presented in the Supplementary Materials (fig. S1). It was found that the basic IL 1-ethyl-3-methylimidazolium acetate ([EMIM] OAc) ( The versatility of [EMIM] OAc was studied using various substituted benzylic alcohols (Table 2) under metal-free conditions. Methylsubstituted benzyl alcohol (that is, 4-methylbenzyl alcohol) could be effectively converted to its corresponding self-esterification product, 4-methylbenzyl 4-methylbenzoate (2b), with an excellent yield of up to 92%. The effect of the electronegativity of the substituent group was studied using substrates with electron-withdrawing groups (Cl and NO 2 ), and the yields of corresponding esters for these two substrates were 84 and 83%, respectively (2c and 2d). In the presence of an electron-donating group (OCH 3 ), the yield of methoxy-substituted benzyl alcohol-derived ester was 73% (2e), indicating that the presence of an electron-donating substitute group suppresses the activities of benzylic alcohols. In contrast, electron-donating group makes the benzyl protons more electron-rich. Hence, the b-hydride can be easily removed under oxidative conditions, resulting in the generation of more aldehydes (13) . Notably, the oxidative self-esterification reaction of benzyl alcohol could also be performed on a multigram scale (200 mmol, 21.6 g) with longer reaction time leading to similar yield of benzyl benzoate (88%; table S1, entry 17).
Aliphatic alcohols are less reactive than benzylic alcohols. Here, aliphatic alcohols with varying chain lengths could also be effectively converted into their corresponding self-esterification esters in [EMIM] OAc under suitable conditions. In general, good yields of corresponding aliphatic esters were achieved from aliphatic alcohols including ethanol, propanol, butanol, hexanol, and octanol. For instance, the direct oxidative esterification of ethanol at 100°C afforded ethyl acetate with a yield of up to 94% (2f). Notably, with the increase of carbon-chain length of the aliphatic alcohol, the yields of corresponding esters decreased, and slightly higher reaction temperature was required. The decrease in yields of esters is attributed to the generation of corresponding acids or aldehydes from the starting aliphatic alcohols. As illustrated in the time course of oxidative esterification of propanol ( fig. S2 ), propanol gradually transformed into propyl propionate, the yield of which reached 92% after 36 hours, together with small amounts of propionic acid (yield of 3%) and propaldehyde (yield of 5%). Prolonging the reaction time to 48 hours, propaldehyde was fully converted into propionic acid and the yield of propyl propionate remains constant.
Cross-esterification of benzylic and aliphatic alcohols in [EMIM] OAc was also studied, and high yields could be obtained ( Table 3 ).
In the presence of excess ethanol, benzyl alcohol was oxidatively esterified to afford ethyl benzoate (3a) with excellent yields of up to 94%. Moreover, methyl-, chloro-, nitro-, and methoxy-substituted benzylic alcohols could be selectively converted to their corresponding ethyl esters with high yields (3b to 3e). The high selectivity for the desired products was primarily attributed to higher activities of benzylic alcohols than that of aliphatic alcohols. Furthermore, the cross-esterification between benzyl alcohol and other long-chain aliphatic alcohols (n-butanol, n-hexanol, and n-octanol) was also achieved. In the presence of excessive amounts of aliphatic alcohol, the yields of targeted ester products were produced up to 87% (3f to 3h). When two different benzylic alcohols were used as substrates, a mixture including their self-and crossesterification products was generated because of their similar activities (table S1, entry 18). All the experimental results described above demonstrate the wide applicability of [EMIM] OAc. In addition, the basic IL was stable under the reaction conditions and could be easily recycled and reused at least five times without loss of activity ( fig. S6 ). 
DISCUSSION

Mechanism study
The mechanism for metal-complex-catalyzed oxidative esterification of alcohols to their corresponding esters has been studied (13, 32, 33) .
Here, we found that the reaction was not affected by the addition of typical radical scavengers such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) or butylated hydroxytoluene [2,6-di-tert-butyl-4-methylphenol (BHT)] into the reaction (table S1, entries 9 and 10) (34). Hence, this reaction did not proceed via the radical reaction pathway. It is well documented in the literature that 1,3-dialkylimidazolium ILs tend to reactively transform to N-heterocyclic carbenes (NHCs) and weak equilibrium of these ILs, and carbene species exists without an external base or solvent ( fig. S7 ) (30, (35) (36) (37) . On the basis of the experimental results and the knowledge in literature, we speculate a plausible reaction pathway, as schematically illustrated in Fig. 1 .
The hydroxyl group of the alcohol substrate was activated by forming hydrogen bonds with both the [EMIM] cation and acetate anion, affording alcohol-IL complexes (denoted as "a" in Fig. 1 The proposed mechanism was further confirmed using isotope labeling experiments with 18 O-enriched benzyl alcohol; for details and discussions, please refer to figs. S9 and S10.
As mentioned, during the oxidative esterification of propanol in [EMIM] OAc, a small amount of propaldehyde (yield of ca. 5%) was detected by GC and its yield did not increase obviously with the reaction time over 36 hours. Thereafter, propaldehyde was converted to propionic acid when reaction time was prolonged to 48 hours ( fig. S2 ). Hence, aldehyde could be possibly an active intermediate. It is noteworthy that for the reactions of benzylic alcohols such as benzyl alcohol, benzaldehyde was not detected by GC. This is probably attributed to their relatively higher electrophilicity in comparison to aliphatic alcohols such as propaldehyde, which renders them highly active in the following reactions with carbene in [EMIM] OAc. However, detailed 1 H NMR characterization verifies the interaction between benzaldehyde and [EMIM] OAc and the existence of aldehyde intermediate (that is, benzaldehyde) during oxidative esterification of benzyl alcohol (for detailed spectra and discussions, please refer to figs. S3 to S5). As an effort to further verify the presence of active aldehyde b, we used identical amounts of benzyl alcohol and benzaldehyde as starting materials; benzyl benzoate was generated stoichiometrically in 3 hours (table S1, entry 13; yield, >99%). We have also studied the crucial role of NHC for the reaction. As the increasing of side alkyl chain length leads to decreased electronegativity of the imidazolium ring and decreased stability of NHC, the oxidative self-esterification of benzyl alcohol could not be catalyzed by [OMIM] OAc (Table 1 , entry 6; and table S1, entry 12). In addition, we investigated the effects of pure NHC on the oxidative esterification reaction. It was found that NHC could induce the esterification of the corresponding aldehyde (that is, benzaldehyde) easily, but not for the alcohol substrate (that is, benzyl alcohol), as highlighted in fig. S8 . This effect supports our proposed mechanism that NHC directly attacks the aldehyde intermediate to induce the subsequent oxidative esterification reaction. Similar results on the role of NHC have been previously observed by Sarkar et al. (36) . It is known that 1,8-diazabicyclo [5.4 .0]-7-undecene (DBU) is a strong base with stronger steric hindrance and could potentially promote the formation of NHC (36) . However, we found that the addition of DBU into [EMIM] OAc did not promote the oxidative esterification significantly (table S1, entries 5 to 8). On the other hand, water molecules were released during the reaction, resulting in slightly increased moisture content and decreased pH ( fig. S18 ). The decrease of alkalinity could suppress the formation of NHC in [EMIM] OAc. To study this effect, we added additional water into [EMIM] OAc and found that the oxidative esterification reaction of benzyl alcohol was not affected by the addition of small amounts of water ( fig. S19 ). Together, the weak equilibrium between basic IL and NHC is crucial to catalyze the reaction, as NHC could effectively attack the aldehyde intermediate. However, for the [EMIM] OAc promoted oxidative esterification reactions described herein, the variation of amount of NHC does not affect the process of the oxidative esterification reaction. Hence, the NHC-induced oxidation reaction does not represent the rate-determining step.
We propose that the oxidative esterification of alcohols in [EMIM] OAc primarily comprises two steps (Fig. 1) . The primary first step is the activation of alcohol O-H group followed by the generation of aldehyde b. The second step is the conversion of aldehyde intermediate catalyzed by NHC, which originated from the basic IL. Hence, the first step is of crucial importance to induce the reaction and represents the ratedetermining step. Simultaneous formation of multiple hydrogen bonds between [EMIM] cation, acetate anion, and the O and H in the OH group of the alcohols is crucial for activating the alcohol substrates and initiating the esterification reaction. The synergistic effect between the [EMIM] cation and the acetate anion to activate the alcohol O-H group was studied in-depth using a variety of analytical techniques. Figure 2A illustrates the 1 H NMR spectra of [EMIM] OAc and the mixtures of benzyl alcohol and [EMIM] OAc with various molar ratios. The resonance band centered at 4.63 parts per million (ppm) in the 1 H NMR spectrum of benzyl alcohol was assigned to its hydroxyl proton. With continuously increasing [EMIM] OAc content, this resonance band further shifts to 7.76 ppm (molar ratio of 1:5). The downfield shift of the hydroxyl resonance band is mainly ascribed to the formation of hydrogen bonding between hydroxyl protons and the acetate anions (38) . Moreover, this resonance band becomes broader, and its full width at half maximum (FWHM) values increased with the increase of [EMIM] OAc content (table S2) . These effects result from and reflect the coordination between the hydroxyl oxygen atoms of benzyl alcohol and the most acidic 2-H protons of [EMIM] OAc (38) . Hence, with the synergistic and/or cooperative effect of the cation and anion of [EMIM] OAc, the hydroxyl groups of alcohol substrates were activated, and alcohols were oxidized to afford aldehyde b under mild conditions, which initiates the esterification reaction.
For comparison, the interaction between benzyl alcohol and other inactive ILs including [BMIM] TFA and [EMIM] BF 4 was investigated (Fig. 2, B and C) . The hydroxyl resonance band also became broader, indicating the interaction between hydroxyl oxygen atoms of benzyl alcohol and the 2-H protons of imidazolium cation. However, the downfield shift of this resonance band was not observed in either case. These results demonstrate the importance of the synergistic interaction between cation, anion, and alcohol substrates for activating alcohols and for initiating the esterification reaction. The presence of two kinds of hydrogen bonds (that is, hydrogen bonding between hydroxyl groups and [EMIM] and that between hydroxyl groups and acetate anion) can effectively and simultaneously activate the hydroxyl groups of alcohols, thus promoting the oxidative esterification reaction. Furthermore, the specific interaction between [EMIM] OAc and alcohol was verified using Fourier transform infrared spectroscopy (FTIR) ( fig. S15 and table S5 ) and 1 H diffusion-ordered spectroscopy (DOSY) ( fig. S16 and table S6) characterizations.
Since the intensity of the selective 1 H nuclear Overhauser effects (NOEs) signal is proportional to the ratio of internuclear distance, the nano-environment for this synergistic interaction can be obtained from the integral areas of protons (39) . Figure 3 shows the one-dimensional (1D)-selective 1 H NOE and 1 H NMR spectra of the mixture of benzyl alcohol and [EMIM] OAc with a molar ratio of 10:1. Initially, we selectively irradiated the hydroxyl resonance [ca. 5.57 ppm], and NOE signals of all other protons were detected (Fig. 3, line 1) in comparison with the 1 H NMR spectrum (Fig. 3, line 3) . This effect implies that the sterical distance between [EMIM] OAc and benzyl alcohol was reduced due to intermolecular interactions. The integral areas of resonance attributed to 5, 6-protons (5.81 and 5.88 ppm) were only around 0.01%, which are much less than that of resonance assigned to the 2-protons of the imidazolium ring (0.48% at about 7.48 ppm), owing to the anisotropy of the imidazolium ring in the mixture. The anisotropy further proves that the hydroxyl group of the alcohol was located near the 2-proton side of the [EMIM] cation, which is consistent with our discussions above. Furthermore, when we selectively irradiated the methyl protons of the acetate anion, the only one positive NOE signal attributed to the hydroxyl group of benzyl alcohol (Fig. 3, line 2) indicated that the methyl group of acetate anion was close to the hydroxyl groups. Hence, the hydroxyl groups of alcohol locate in the middle of the [EMIM] cation and acetate anion and interact simultaneously with the 2-H of [EMIM] cation and acetate anion via hydrogen bonding. The results also support the argument that the cation and anion promote the reaction synergistically.
CONCLUSION
In summary, the basic IL [EMIM] OAc can catalyze the one-pot oxidative esterification of various alcohols using O 2 as an oxidant. Not only self-esterification of various benzylic alcohols or aliphatic alcohols but also cross-esterification between them can be achieved directly under mild conditions, affording corresponding ester products with high yields. In the IL-catalyzed reactions, the acidic proton of the [EMIM] cation and the acetate anion can promote the reaction synergistically by forming hydrogen bonds with the O and H in the OH group of the alcohols, which plays key role for initiating and accelerating the reactions. This work opens the way for carrying out this kind of reactions under metal-free conditions, and the reactions proceed smoothly without any additives. We believe that this simple, efficient, and metal-free route has great potential for application.
MATERIALS AND METHODS
Chemicals DMSO-d 6 and substrates including ethanol (99%), propan-1-ol (99%), butan-1-ol (98%), hexan-1-ol (99%), octan-1-ol (99%), benzyl alcohol (99.5%), 4-methylbenzyl alcohol (99%), (4-chlorophenyl)methanol (99.5%), (4-methoxyphenyl)methanol (99.5%), and 4-(hydroxymethyl)phenyl nitrate (99%) were purchased from Acros Organics. Solvents including toluene, diethyl ether, and acetone were purchased from Beijing Chemical Company. DBU, benzylbromide, diphenyl ketone, trioxymethylene, TEMPO, and BHT were purchased from Sigma-Aldrich. H 2 18 O [97 atomic % (at %) 18 2 , were purchased from the Center for Green Chemistry and Catalysis, Lanzhou Institute of Chem-ical Physics, Chinese Academy of Sciences. All ILs were dried in a vacuum at 80°C for 24 hours to remove water or other impurities before use ( fig. S17 ).
Oxidative esterification of alcohols
Typically, 2 mmol alcohol and 2 g of IL were added into a Teflon-lined stainless-steel reactor. The air in the reactor was replaced by O 2 , and then more O 2 was charged to reach the desired pressure. After reaction, the reactor was cooled in an ice-water bath. Products were isolated from the reaction mixture by extracting with toluene three times (for [OMIM] OAc, cyclohexane was used for extraction). Diphenyl ketone, n-hexadecane, n-dodecane, or n-octane was added as an internal standard (according to the boiling point of the corresponding ester products). The qualitative analysis of products was conducted using a GC-mass spectrometer (Agilent 5975C-7890A) and by comparing with authentic samples. The conversion and yields of corresponding esters were quantitatively analyzed by GC (Agilent 6820, equipped with a hydrogen flame-ionization detector, full electric pneumatic control, 280°C) based on internal standard curves and areas of integrated peak areas according to the GC traces. To study the reusability, the IL was dried under a vacuum at 50°C for 24 hours after the extraction process and was then used directly for the next run. Isotope labeling experiments 18 O-enriched benzyl alcohol was synthesized according to previous work (40) . Benzyl bromide (16.7 mmol, 2.00 ml, 1.0 eq), diisopropylethylamine (16.7 mmol, 3.08 ml, 1.0 eq), and heavy water (97 at % 18 O, 16.7 mmol, 300 ml, 1.0 eq) were reacted at 75°C for 24 hours, followed by addition of water (10 ml) and dichloromethane (50 ml). The organic layer was washed with brine for four times. Subsequently, the organic layer was dried with anhydrous MgSO 4 and evaporated. The resulting product contains two species, namely, benzyl alcohol and dibenzyl ether, and was purified by column chromatography. Yield: 0.76 g 18 O-enriched benzyl alcohol, 87 at % 18 O. The oxidative self-esterification of 18 O-enriched benzyl alcohol and cross-esterification between 18 O-enriched benzyl alcohol and ethanol was carried out according to the procedure described above.
NMR measurements
The NMR spectra were recorded on Bruker Avance 400 ( 1 H NMR) and AV-600 (1D-NOESY and 2D-DOSY) equipped with 5-mm pulsed-field gradient (PFG) probes. The spectra were detected at 303 K. To eliminate the effect of solvent, Wilmad coaxial insert NMR tubes were used for 1 H NMR and 1D-NOESY. DMSO-d 6 and internal standard were added in the inner tube, and the sample was added in the outer tube.
For 1 H NMR, the mixtures of benzyl alcohol and [EMIM] OAc with different feed molar ratios were prepared. The mixture (0.3 ml) was added into the outer tube, and the inner tube was inserted. Trioxymethylene was used as internal standard and adjusted at 5.12 ppm if not specified.
For 1D-NOESY, the feed molar ratio of the mixture of benzyl alcohol and [EMIM] OAc was 10:1. The temperature was controlled at 298 K, and no spinning was applied to the NMR tube. The 1D-NOESY was performed at different mixing times from 40 ms to 2 s with a relaxation delay of 2 s and typically 32 transients.
For DOSY, the pure benzyl alcohol and mixture of benzyl alcohol and [EMIM] OAc with a molar ratio of 1:1 was dissolved in DMSO-d 6 . The concentration of benzyl alcohol was 6 mg·ml −1 . The temperature was regulated at 299 K, and no spinning was applied to the NMR tube. The DOSY experiments were conducted with a PFG-stimulated echo sequence using bipolar gradients (ledbpgp2s).
FTIR characterization
The mixtures of benzyl alcohol and [EMIM] OAc with various molar ratios were prepared before analysis. FTIR spectra of the liquid samples were detected in the transmission mode on a Bruker Vertex 70 infrared spectrometer at a 1-cm −1 resolution. A total of 64 scans were collected for both the reference (pure BaF 2 ) and the samples.
Water content and pH measurements
Halogen Moisture Analyzer HC103 (115V) of METTLER TOLEDO was used for water content measurements. Repeatability with 2 g of sample is within 0.1 %. SevenCompact pH meter S210-Bio-Kit of METTLER TOLEDO was used for pH measurements. The pH resolution was 0.01. At specific times, the water content and pH of the reaction medium were measured directly at room temperature after releasing oxygen.
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